In response to gonadectomy certain inbred mouse strains develop sex steroidogenic adrenocortical neoplasms. One of the hallmarks of neoplastic transformation is expression of GATA4, a transcription factor normally present in gonadal but not adrenal steroidogenic cells of the adult mouse. To show that GATA4 directly modulates adrenocortical tumorigenesis and is not merely a marker of gonadal-like differentiation in the neoplasms, we studied mice with germline or conditional lossof-function mutations in the Gata4 gene. Germline Gata4 haploinsufficiency was associated with attenuated tumor growth and reduced expression of sex steroidogenic genes in the adrenal glands of ovariectomized B6D2F1 and B6AF1 mice. At 12 months after ovariectomy, wild-type B6D2F1 mice had biochemical and histological evidence of adrenocortical estrogen production, whereas Gata4 ϩ/Ϫ B6D2F1 mice did not. Germline Gata4 haploinsufficiency exacerbated the secondary phenotype of postovariectomy obesity in B6D2F1 mice, presumably by limiting ectopic estrogen production in the adrenal glands. Amhr2-cre-mediated deletion of floxed Gata4 (Gata4 F ) in nascent adrenocortical neoplasms of ovariectomized B6.129 mice reduced tumor growth and the expression of gonadal-like markers in a Gata4 F dose-dependent manner. We conclude that GATA4
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is a key modifier of gonadectomy-induced adrenocortical neoplasia, postovariectomy obesity, and sex steroidogenic cell differentiation. (Endocrinology 153: 2599 -2611, 2012) A drenocortical neoplasms exist in approximately 5% of people over the age of 50 yr (1) . The majority of these tumors are nonfunctioning adenomas, but some secrete steroid hormones that cause Cushing syndrome or other complications (2) . Adrenocortical carcinomas are rare (ϳ1 case per million per year) but carry a poor prognosis (3, 4) . When functional, adrenocortical carcinomas tend to secrete cortisol or aldosterone; in rare cases these cancers produce androgens or estrogens (5) . Despite extensive investigation, the factors accounting for the high incidence of adrenocortical adenomas and the low incidence of adrenocortical carcinomas are unknown (4) .
The prevalence of adrenocortical neoplasia in certain animals can provide a foothold by which to study the molecular basis of tumorigenesis in humans (6) . One genetically tractable model is postgonadectomy adrenocortical neoplasia in the mouse. In response to gonadectomy and the ensuing rise in serum gonadotropins, cells in the subcapsular region of the mouse adrenal cortex transform into sex steroid-producing neoplasms that are histologically and biochemically similar to normal gonadal tissue (7) (8) (9) (10) (11) (12) . Gonadectomy-induced adrenocortical neoplasia is strain dependent; susceptible strains include DBA/2J, CE/J, and hybrid C57Bl/6 ϫ DBA/2J F1 (B6D2F1) mice (7) (8) (9) (10) (11) (12) . Genome-wide linkage analysis of inbred strain crosses reveals that postgonadectomy adrenocortical neoplasia is a complex trait influenced by multiple genetic loci, but the underlying genes remain enigmatic (11) .
GATA4, a transcription factor normally found in sex steroid-producing cells of the gonads but not corticoidproducing cells of the adult adrenal gland, is present in gonadectomy-induced adrenocortical neoplasms (13, 14) . Targeted mutagenesis of Gata4 has been linked to defects in the differentiation of sex steroidogenic lineages in the fetal mouse ovary and testis (15) (16) (17) (18) (19) (20) (21) (22) . By analogy, it has been hypothesized that GATA4 regulates the differentiation of gonadal-like sex steroidogenic cells in the adrenal glands of gonadectomized mice (7, 23) .
Here, we assess the impact of loss-of-function mutations in murine Gata4 on postovariectomy adrenocortical neoplasia and the secondary phenotype of ovariectomyinduced obesity. Gata4 Ϫ/Ϫ mice do not survive to term (24 -28) , precluding the use of these homozygotes in studies of adrenocortical tumorigenesis. Therefore we examine adrenocortical tumor formation in Gata4-haploinsufficient (29, 30) and conditional knockout (20, 21) mice. We show that constitutive and acquired mutations in Gata4 mitigate the accumulation of neoplastic cells and the expression of sex steroidogenic markers in the adrenal cortex of ovariectomized mice. We also demonstrate that germline Gata4 haploinsufficiency exacerbates postovariectomy obesity, presumably by constraining ectopic estrogen production by the adrenal glands. These results establish that GATA4 directly modulates postgonadectomy adrenocortical neoplasia and is not merely a marker of gonadal-like differentiation in the tumors.
Materials and Methods

Experimental mice
Procedures involving mice were approved by an institutional committee for laboratory animal care and were conducted in accordance with National Institutes of Health guidelines for the care and use of experimental animals.
C57Bl/6 Gata4 ϩ/Ϫ mice (also termed Gata4 ϩ/⌬ex2 ) were generated and genotyped as described elsewhere (29, 30 tm1Sor /J) (34). Mice were anesthetized and gonadectomized at 4 wk of age (12) . At specified times, the mice were euthanized, blood was collected by cardiac puncture, and tissues were harvested. For the estrogen stimulation experiments, immature (19 d old) Gata4 ϩ/Ϫ mice were implanted sc with a 1.5-mg 17␤-estradiol or placebo pellet (Innovative Research of America; Sarasota, FL) (35) . Their uteri were harvested 7 d later after euthanasia. For the compensatory adrenal growth experiments, 6-wk-old male mice were anesthetized and subjected to left adrenalectomy (36) . After 48 h, the mice were injected with bromodeoxyuridine (BrdU) (1 mg in 0.1 ml PBS ip). The right adrenal gland was harvested 1 d later after euthanasia.
Immunohistochemistry
Tissues were fixed overnight in 4% paraformaldehyde in PBS, embedded in paraffin, sectioned, and subjected to immunoperoxidase staining (37) . The primary antibodies were: 1) goat anti-GATA4 (sc-1237, Santa Cruz Biotechnology, Inc., Santa Cruz, CA; 1:200), 2) goat antigremlin (sc-18274; 1:200), 3) goat antilactoferrin (sc-14434; 1:200), 4) mouse anti-BrdU (sc-51514; 1:200), 5) mouse antihuman estrogen receptor-␣ (ER␣) (DAKO, Carpenteria, CA; 1:500), 6) mouse antihuman cytochrome P450 aromatase (Cyp19; sc-14245; 1:200), and 7) goat antihuman cytochrome P450 17␣-hydroxylase/C17-C20 lyase (Cyp17; sc-46081; 1:200). Secondary antibodies were: 1) donkey antigoat biotinylated IgG (Jackson ImmunoResearch Laboratories, West Grove, PA; dilution 1:1000) and 2) the MOM kit (Vector Laboratories, Burlingame, CA; prediluted). The avidin-biotin immunoperoxidase system (Vectastain Elite ABC Kit, Vector Laboratories, Inc.) and diaminobenzidine were used to visualize the bound antibody. Our analysis included control studies in which the primary antibody was omitted.
Morphological analyses
Adrenocortical tumor cross-sectional area was measured (38) using hematoxylin and eosin (H&E) stained tissue sections. The analysis included a minimum of four sections from each adrenal, spaced evenly (every 100 m) through the central portion of the gland; tangential sections lacking medulla were excluded. To detect extragonadal sex steroid production in ovariectomized mice, tissues sensitive to estrogens (uterus, vagina) and androgens (submaxillary gland) were analyzed (39).
X-gal staining
Adrenal glands were fixed with 0.2% glutaraldehyde in PBS for 15 min, permeabilized with 100 mM potassium phosphate (pH 7.4), 0.02% Nonidet P-40, and 0.01% sodium deoxycholate for 5 min, and then stained with X-gal at 37 C overnight (26) . After staining, the glands were frozen in OCT cyropreservation media (Tissue-Tek, Torrance, CA), sectioned, and stained with nuclear fast red. Alternatively, the stained glands were postfixed with Karnovsky solution and processed for transmission electron microscopy (20, 21) . 
Serum hormone levels
Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from adrenal glands using TRIzol (Invitrogen, Carlsbad, CA). First-strand cDNA was produced with the SuperScript VILO cDNA Synthesis Kit (Invitrogen). An aliquot of cDNA was subjected to real time RT-PCR (20, 21) using the intron-spanning primers listed in Supplemental Table  1 published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org. Target gene expression was normalized to the expression of three housekeeping genes: ␤-actin, ribosomal protein L19, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Qualitative RT-PCR for detection of Cre-mediated recombination in adrenal glands
Total RNA was isolated from adrenal gland tissue using the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, Foster City, CA). cDNA was synthesized using a QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, CA). cDNA was subjected to RT-PCR using a forward primer from exon 2 of the Gata4 gene and a reverse primer from exon 7 (20, 21) .
Statistical analysis
Numerical data are represented as mean Ϯ SD. Except were indicated, differences were assessed for statistical significance (P Ͻ 0.05) with the Student's t test.
Results
Germline Gata4 haploinsufficiency impairs postgonadectomy adrenocortical tumor formation in B6D2F1 and B6AF1 mice
To determine the impact of GATA4 deficiency on adrenocortical tumorigenesis, we crossed Gata4 ϩ/Ϫ C57Bl/6 mice, which harbor a deletion in exon 2 of Gata4 that includes the translation start site (21, 29, 40) , with DBA/2J mice and analyzed the resultant WT and Gata4 ϩ/Ϫ B6D2F1 offspring. B6D2F1 mice, like the parental DBA/2J strain, develop adrenocortical neoplasia with complete penetrance by 6 months after ovariectomy (11) . H&E-stained sections of adrenal glands from ovariectomized WT B6D2F1 mice confirmed the presence of subcapsular neoplasms (Fig. 1A) . The tumors were composed of spindle-shaped type A cells (Fig. 1A, arrowhead) , which resemble stromal cells of the postmenopausal ovary, and sex steroidogenic type B cells (Fig. 1A, arrow) , which express the gonadal-like markers LH chorionic gonadotropin receptor (Lhcgr), inhibin-␣, Cyp17, and Cyp19 (7). Nuclear GATA4 antigen was evident in both the type A (Fig. 1C, arrowhead) and type B cells (Fig. 1C, arrow) . neoplastic cells at varying times after ovariectomy (Fig. 2) . By 6 months after ovariectomy, neoplastic cells occupied 27% of the cross-sectional area of adrenal cortex in WT mice. Gata4 haploinsufficiency was associated with a reduction in the area occupied by neoplastic cells at all time points examined; at 6 months after ovariectomy the difference was highly significant (P Ͻ 0.001). The reduction in tumor size reflected decreases in both type A cells and type B cells, but the decrease in the latter was particularly striking. At 6 months after ovariectomy, sections of WT adrenal glands contained an average of 132 Ϯ 104 type B cells, whereas sections of Gata4 ϩ/Ϫ adrenal glands contained an average of 2 Ϯ 1 type B cells (P Ͻ 0.05). The isolated type A cell hyperplasia seen in the adrenal glands of ovariectomized Gata4 ϩ/Ϫ mice is a feature of older nongonadectomized WT mice (42) and is not considered tumorous (43) . GATA factors have been implicated in the development and function of the anterior pituitary gland (44, 45) . To ensure that Gata4 haploinsufficient mice had intact gonadotrope function, we measured serum FSH and LH levels (Supplemental Fig. 1 ). Gata4 haploinsufficiency had no significant impact on either basal or postovariectomy gonadotropin levels, so the reduction in tumor formation in Gata4 ϩ/Ϫ mice cannot be ascribed to altered gonadotrope function.
To show that the Gata4 haploinsufficiency effect was not limited to a single hybrid strain, we examined postovariectomy adrenocortical neoplasia in C57Bl/6 ϫ A/J F1 (B6AF1) mice. We found that WT B6AF1 mice, like the parental A/J strain (46), develop adrenocortical tumors after ovariectomy (Supplemental Fig. 2A ). The tumors in adrenal glands of ovariectomized B6AF1 mice contained type A cells that expressed GATA4 antigen (Supplemental Fig. 2C ) and type B cells that expressed both GATA4 (Supplemental Fig. 2C ) and gremlin (Supplemental Fig. 2E ). As in B6D2F1 mice, Gata4 haploinsufficiency mitigated ovariectomy-induced adrenocortical neoplasia in B6AF1 mice (Supplemental Fig. 2 , B, D, and F).
Germline Gata4 haploinsufficiency impairs expression of gonadal-like markers in the adrenal glands of ovariectomized B6D2F1 and B6AF1 mice
The effect of Gata4 haploinsufficiency on ovariectomyinduced changes in gonadal-like markers in the adrenal glands of B6D2F1 and B6AF1 mice was assessed by qRT-PCR 5 months after surgery. Results were normalized to expression of ␤-actin; normalization to two other housekeeping genes, L19 and GAPDH, yielded similar results. Consistent with studies on other susceptible strains (7, 8, (11) (12) (13) , ovariectomy of WT B6D2F1 (Fig. 3A) and WT B6AF1 (Fig. 3B ) mice was associated with increased adrenal expression of the sex steroidogenic differentiation markers GATA4, Cyp17, Lhcgr, and inhibin-␣ (Fig. 3, A  and B) . In contrast, ovariectomy of WT mice had no significant impact on expression of the prototypical adrenocortical markers M2CR and GATA6 (i.e. the ratio of mRNA levels in ovariectomized vs. intact mice was approximately 1) (Fig. 3, A and B) . Gata4 haploinsufficiency markedly reduced the ovariectomy-dependent expression of sex steroidogenic transcripts in both B6D2F1 (Fig. 3A) and B6AF1 (Fig. 3B) mice.
As a control, we analyzed ovariectomy-dependent expression of steroidogenic genes in the adrenal glands of B6D2F1mice haploinsufficient for another gonadal marker, Amhr2, the anti-Müllerian hormone receptor gene. Amhr2 is expressed in murine postgonadectomy adrenocortical tumors but not in adjacent normal tissue (7, 8, 13) . We performed qRT-PCR analysis on adrenal glands from ovariectomized Amhr2 cre/ϩ mice, which harbor a knock-in cre allele that renders the mice Amhr2 haploinsufficient. Amhr2 haploinsufficiency had no impact on the expression of sex steroidogenic markers in the adrenal glands of ovariectomized B6D2F1 mice (Fig. 3C) .
The absence of a phenotype in the Amhr2 haploinsufficient mice underscores the significance of the Gata4 haploinsufficiency effect on sex steroidogenesis and constitutes an important negative control for the Amhr2-cremediated conditional mutagenesis studies described below. adrenals at all time points examined, and at 6 months this difference was highly significant (*, P Ͻ 0.001).
Germline Gata4 haploinsufficiency impairs adrenocortical estrogen production and exacerbates obesity in ovariectomized B6D2F1 mice The examination of tissues that undergo morphological changes in response to circulating estrogens (uterus, vagina) or androgens (submaxillary gland) offers evidence for adrenocortical sex steroid production in gonadectomized mice. Older ovariectomized DBA/2J mice exhibit estrogenic stimulation of the uterus and vagina, whereas aged ovariectomized CE/J mice display both estrogenic and androgenic stimulation of target tissues (39) .
Older ovariectomized WT B6D2F1 mice show a prominent estrogenic phenotype resembling that of the parental DBA/2J strain. At 12 months after ovariectomy, every WT B6D2F1 mouse (n ϭ 5) had grossly enlarged uterine horns ( Fig. 4A ) with histological evidence of estrogenic changes in the uterus (Fig. 4B ) and vagina ( Fig. 4D) , including uterine epithelial immunoreactivity for lactoferrin, an estrogen-responsive gene (Fig. 5A) (47) . By comparison, none of the age-matched ovariectomized Gata4 ϩ/Ϫ mice (n ϭ 4) showed morphological evidence of extragonadal estrogen production (P Ͻ 0.005; two population proportions testing). Instead, the Gata4 ϩ/Ϫ mice had grossly atrophic uteri (Fig. 4A ) and lacked estrogen-induced histological changes in target tissues (Fig. 4 , C and E), including lactoferrin immunoreactivity in the uterus (Fig. 5B ). In contrast, nuclear estrogen receptor (ER)␣ immunoreactivity was evident in uterine epithelial and stromal cells of both the WT (Fig. 5C ) and Gata4 ϩ/Ϫ (Fig. 5D) mice. Uterine weights in the ovariectomized WT and Gata4 ϩ/Ϫ B6D2F1 mice were 98 Ϯ 5 mg and 13 Ϯ 0.3 mg, respectively (P Ͻ 0.01). Because GATA4 is not expressed in the uterus or its precursor, the Müllerian duct, the differences in uterine morphology between ovariectomized WT and Gata4 haploinsufficient mice cannot be attributed to a direct effect of GATA4 on uterine responsiveness to estrogen (21) . Reinforcing this premise, a robust estrogenic response, including increased lactoferrin immunoreactivity, was observed in the uteri of prepubertal Gata4 ϩ/Ϫ mice implanted sc
with an E 2 pellet (Fig. 5E ) but not a placebo (Fig. 5F ). In addition to estrogenic changes, older ovariectomized WT mice (Fig. 4F ), but not their Gata4 ϩ/Ϫ counterparts ( Fig. 4G) , had histological evidence of androgenic stimulation in the submaxillary glands. Such masculinization of the female submaxillary gland occurs during pregnancy and lactation as a result of increased androgen secretion (48) . At 12 months after ovariectomy, serum E 2 and E 1 sulfate levels were greater in WT than Gata4 ϩ/Ϫ B6D2F1 mice (Fig. 4, H and I ). Estrogen induces PRL secretion (49,
FIG. 3.
Expression of steroidogenic differentiation markers in adrenal glands from ovariectomized WT, Gata4 haploinsufficient, and Amhr2 haploinsufficient mice. Weanling B6D2F1 (A and C) or B6AF1 (B) mice of the specified genotypes were subjected to ovariectomy (OVX) or left intact. Adrenal glands were harvested 5 months later and subjected to qRT-PCR analysis. Graphs show the relative expression (mean Ϯ SD) of various transcripts in ovariectomized (n ϭ 4) vs. intact mice (n ϭ 4).
Results were normalized to expression of ␤-actin. The y-axis is plotted on a logarithmic scale. Note that Gata4 haploinsufficiency attenuated the ovariectomy-dependent increase in expression of the sex steroidogenic differentiation markers Lhcgr, Cyp17, and inhibin-␣ (*, P Ͻ 0.001). In contrast, loss of one functional Amhr2 allele via knockin of cre had no significant impact on expression of steroidogenic cell markers in B6D2F1 mice.
Endocrinology, June 2012, 153(6):2599 -2611 endo.endojournals.org50), and ovariectomized WT mice had higher serum PRL levels than their Gata4 ϩ/Ϫ counterparts (Fig. 4J) . PRL can have direct effects on the adrenal gland (51) and estrogensensitive organs such as the uterus (49), so some of the changes in the ovariectomized WT mice could reflect PRL effects. Arguing against a direct effect of PRL on the uterus, Kiss et al. (52) found that administration of PRL ϩ E 2 to ovariectomized B6D2F1 mice elicited no more uterine epithelial proliferation than E 2 alone. Gross inspection of older ovariectomized WT B6D2F1 mice demonstrated large adrenal tumor nodules that distorted the surface of the glands (data not shown), supporting the notion that adrenocortical tumors were the source of extragonadal sex steroids. Such adrenal tumor nodules were not evident in aged ovariectomized Gata4 ϩ/Ϫ mice.
FIG. 4.
Gata4 haploinsufficiency abrogates extragonadal sex steroid production in older ovariectomized B6D2F1 mice. Weanling mice of the indicated genotypes were ovariectomized, and 12 months later tissues were analyzed for evidence of estrogen-or androgendependent stimulation. The uteri of WT mice were enlarged (A, left) and estrogenic (B), whereas the uteri of Gata4 ϩ/Ϫ mice were atrophic (A, right) and hypoestrogenic (C). Consistent with estrogen stimulation, the vaginal epithelium of WT mice was thick and cornified (D). In contrast, the vaginal mucosa of Gata4 ϩ/Ϫ mice appeared thin and hypoestrogenic (E). WT mice had evidence of androgen stimulation of the submaxillary gland, manifest as tall columnar acinar cells with basally located nuclei and abundant eosinophilic cytoplasmic granules (F). In Gata4 ϩ/Ϫ mice, however, the submaxillary glands had the typical appearance of female mice, with centrally located epithelial cell nuclei and only a few cytoplasmic granules (G). Bars, 2 mm (A), 300 m (B and C), 75 m (D and E), and 40 m (F and G). Serum E 2 , E 1 sulfate, and PRL levels in WT and Gata4 ϩ/Ϫ mice are shown in panels H, I, and J, respectively. In the box-and-whisker plots, dots represent individual measurements, boxes represent the interquartile range, whiskers indicate the first and fourth quartiles, solid lines indicate the median, and dashed lines represent the mean (63).
FIG. 5. Lactoferrin and ER␣ immunoreactivity in the uteri of WT and
Gata4
ϩ/Ϫ B6D2F1 mice. Weanling WT or Gata4 ϩ/Ϫ B6D2F1 mice were ovariectomized (OVX), and 12 months later uteri were subjected to immunoperoxidase staining for the estrogen response marker lactoferrin or for ER␣. Lactoferrin immunoreactivity was seen in the uterine epithelial cells of ovariectomized WT mice (A) but not Gata4 ϩ/Ϫ mice (B). In contrast, nuclear immunoreactivity for ER␣ was evident in uterine epithelial and stromal cells of ovariectomized WT (C) and Gata4 ϩ/Ϫ (D) mice. To show that the uteri of Gata4 ϩ/Ϫ mice were capable of responding to estrogen, prepubertal Gata4 ϩ/Ϫ mice were implanted sc with an E 2 pellet or a placebo. Lactoferrin immunoreactivity and other estrogenic changes were observed in the uteri of immature mice implanted with E 2 (E) but not the placebo (F). Bars, 75 m.
Estrogenic changes were not observed in reproductive organs of younger ovariectomized WT B6D2F1 mice (Ͻ 6 months after ovariectomy; data not shown). qRT-PCR analysis of adrenal glands from WT B6D2F1 mice of varying ages showed that the up-regulation of Cyp19 expression lagged that of other gonadal-like markers, such as Lhcgr and Cyp17 (Supplemental Fig. 3A) . A marked increase in Cyp19 expression occurred between 5 and 6 months after ovariectomy. The late onset of Cyp19 expression may explain why estrogenic changes in the uterus and vagina are limited to older ovariectomized mice. Immunohistochemistry on adrenal glands from WT B6D2F1 mice 6 months after ovariectomy demonstrated Cyp17 (Supplemental Fig. 3B ) and Cyp19 (Supplemental Fig. 3C ) immunoreactivity in type B neoplastic cells, in agreement with studies of other ovariectomized strains of mice (7) .
In addition to triggering adrenocortical tumorigenesis, ovariectomy is known to exacerbate obesity in B6D2F1 and other strains of mice (11) . Postovariectomy obesity has been attributed to reduced energy expenditure (53) , and estrogen repletion of ovariectomized mice has been shown to prevent gains in visceral adiposity (53) . At 12 months after ovariectomy, WT B6D2F1 mice were significantly less obese than their Gata4 ϩ/Ϫ counterparts [body weights ϭ 40.4 Ϯ 4.7 g and 51.7 Ϯ 4.9 g, respectively (P Ͻ 0.01)], consistent with extragonadal estrogen production in the former. Visual inspection confirmed that the differences in weight between WT and Gata4 ϩ/Ϫ mice reflected differences in abdominal adiposity. Collectively, these observations suggest that Gata4 haploinsufficiency abrogates extragonadal sex steroid production in ovariectomized B6D2F1 mice by inhibiting adrenocortical tumor formation and that absence of ectopic estrogen production exacerbates postovariectomy obesity.
Germline Gata4 haploinsufficiency has no effect on the growth of nonneoplastic adrenocortical cells in B6D2F1 mice
Having demonstrated that constitutive Gata4 haploinsufficiency decreases postgonadectomy adrenocortical tumor development, we next assessed the impact of Gata4 haploinsufficiency on the growth of nonneoplastic adrenocortical cells, using the established model of compensatory adrenal hyperplasia/hypertrophy in mice subjected to left adrenalectomy (36) . There was no difference in right adrenal gland weight between 6-wk-old WT and Gata4 ϩ/Ϫ B6D2F1 mice subjected to sham adrenalectomy (1.1 Ϯ 0.2 mg vs. 1.2 Ϯ 0.1 mg, respectively). Thus, even though Gata4 is transiently expressed in the adrenal during fetal development (54), Gata4 haploinsufficiency had no effect on adrenal gland size in intact adult mice. Likewise, Gata4 haploinsufficiency had no impact on compensatory adrenal growth after unilateral adrenalectomy (Supplemental Fig. 4A ). Histological analysis demonstrated that the increase in adrenal gland weight reflected enlargement of the cortex (Supplemental Fig. 4 , B-E), and BrdU-labeling studies showed that unilateral adrenalectomy elicited similar increases in adrenocortical cell proliferation in WT and Gata4 ϩ/Ϫ mice (Supplemental Fig. 4, B-E). We conclude that Gata4 haploinsufficiency, unlike steroidogenic factor-1 (Sf1) (Nr5a1, Ad4BP) haploinsufficiency (36, 55) , has no effect on the growth of normal adrenocortical cells.
Conditional deletion of Gata4 in nascent adrenocortical neoplasms of ovariectomized B6.129 mice impairs sex steroidogenesis in a Gata4 dose-dependent manner
The Cre-loxP recombination system was used to conditionally ablate the Gata4 gene in nascent adrenocortical tumor cells of ovariectomized B6.129 mice. Like other mouse strains, the mixed B6.129 strain develops postgonadectomy adrenocortical tumors composed of type A and type B cells (Fig. 6A) , although the postovariectomy adrenocortical tumors are smaller than those found in comparably aged B6D2F1or B6AF1 mice. To generate conditional knockout mice, we crossed mice harboring a floxed allele of (Gata4 F ) with mice bearing the Amhr2-cre knock-in allele. Cre-mediated recombination deletes exons 3-5 of Gata4, resulting in a null allele (28, 31) . The Amhr2-cre transgene has been used extensively to target gene deletion in gonadal somatic cells (32, 33, 56 -61) . Gata4 conditional knockout mice generated using Amhr2-cre have reduced fertility due to defects in gonadal somatic cell function (20, 21) . By analogy, we hypothesized that recombination of Gata4 F by Amhr2-cre would impair the development of gonadal-like tumors in the adrenal glands of gonadectomized mice in a Gata4 F dosedependent manner.
A ROSA26 flox-stop-flox lacZ reporter (R26R), which indelibly expresses ␤-galactosidase in response to Cre recombinase (34), was used to assess the pattern of expression of the Amhr2-cre transgene within the adrenal glands of ovariectomized mice. Whole-mount X-gal staining of adrenal glands from ovariectomized R26R; Amhr2 cre/ϩ mice demonstrated ␤-galactosidase activity in discrete patches of cells near the surface of the gland (Fig. 6B) . Histological analysis of these adrenal glands showed Xgal staining in subcapsular neoplasms but not in adjacent normal adrenocortical cells (Fig. 6C) . Transmission electron microscopy demonstrated the presence of electrondense crystalloids indicative of the X-gal reaction product in both type A (Fig. 6D) and type B cells (Fig. 6E) . ConEndocrinology, June 2012, 153 (6):2599 -2611 endo.endojournals.orgsistent with prior ultrastructural studies (62) , type A cells contained abundant rough endoplasmic reticulum but few mitochondria and no lipid droplets (Fig. 6D) , whereas type B cells contained prominent smooth endoplasmic reticulum, lipid droplets, and mitochondria (Fig. 6E) . Control whole-mount X-gal stains of adrenal glands from nonovariectomized R26R; Amhr2 cre/ϩ mice showed little or no staining (data not shown). These R26R lineage tracing experiments establish that the Amhr2-cre transgene is induced after ovariectomy and is expressed in type A and type B cells or their progenitor(s).
To verify Amhr2-cre-mediated deletion of the Gata4 F allele in the adrenal gland of gonadectomized mice, we employed a qualitative RT-PCR assay that distinguishes transcripts derived from the intact and recombined alleles (20) . RT-PCR analysis of adrenal glands from ovariectomized Gata4 F/ϩ mice yielded a 782-bp fragment reflecting transcription of the intact allele (Fig. 6F) . In contrast, the adrenal glands of ovariectomized Gata4 ). Adrenal glands from ovariectomized Gata4 F/F mice contained tumors that invaded deeply into the cortex, as highlighted by GATA4 immunohistochemistry (Fig. 7, A and C) . Both type A (Fig.  7C , arrowhead) and type B (Fig. 7C , arrow) cells were evident in the tumors. In contrast, adrenal glands from Gata4
cre/ϩ (conditional knockout) mice contained only small neoplasms composed exclusively of type A cells that didnotinvadedeeplyintothecortex (Fig.7,  B and D) . We conclude that up-regulation of Amhr2-cre in nascent adrenocortical tumors reduces but does not entirely block the accumulation of GATA4-positive neoplastic cells. To confirm reduced expression of Gata4 in the adrenal glands of gonadectomized conditional knockout mice, we performed qRT-PCR using primers specific for the WT GATA4 mRNA. The ratio of GATA4 mRNA levels in ovariectomized Gata4 5, A and B ). There were no significant differences in gonadotropin secretion among the four genotypes, so the reduction in tumor formation in the conditional knockout mice cannot be attributed to altered pituitary function. qRT-PCR was used to assess ovariectomy-induced changes in expression of steroidogenic markers in the ad -FIG. 6 . Ovariectomized B6.129 mice develop adrenocortical neoplasms that express GATA4 and Amhr2-cre. B6.129 mice were ovariectomized, and adrenal glands were harvested 5 months later. Immunohistochemical staining of adrenal tissue sections (A) showed nuclear GATA4 antigen in type A (yellow arrowhead) and type B (yellow arrow) cells. B-E, Mice harboring Amhr2-cre and R26R transgenes were ovariectomized, and after 5 months adrenal glands were subjected to whole-mount X-gal staining (B) to highlight cells expressing Cre. Sections of X-gal-stained adrenal tissue were processed for light (C) or transmission electron (D and E) microscopy. Note the presence of subcapsular neoplastic cells expressing Cre (C). Electron-dense crystalloids (black arrows) indicative of the X-gal reaction product were seen in both small, spindle-shaped, type A cells (D) and large, mitochondria-rich, type B cells (E). Weanling mice of the specified genotypes were ovariectomized, and adrenal RNA was isolated 3 months later. The RNA was subjected to qualitative RT-PCR analysis with primers that distinguish transcripts derived from the intact Gata4 F allele vs. the recombined allele lacking exons 3 to 5 (Gata4 ⌬ex3-5 ) (F). Note that a transcript derived from the recombined allele is present in the adrenal glands of Gata4 F/ϩ ;Amhr2 Cre/ϩ mice. Bars, 100 m (A-C), 2 m (D and E).
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renal glands of conditional knockout and control mice (Fig. 8 ). Results were normalized to ␤-actin; the outcome was similar when results were normalized to L19 or GAPDH. In general, ovariectomy-induced changes in gene expression were more variable in B6.129 (mixed genetic background) mice (Fig. 8) than in B6D2F1 or B6AF1 mice (Fig. 3) . As expected, expression of the prototypical adrenocortical marker, melanocortin 2 receptor, was similar in conditional knockout and control mice, whether the mice were ovariectomized or intact (Fig. 8A) . In contrast, expression of the gonadal markers Lhcgr (Fig. 8B ) and inhibin-␣ (Fig. 8C) 
Discussion
Gonadectomy-induced adrenocortical neoplasia has been attributed to continuous gonadotropin secretion by the pituitary gland (7) . Adrenal transplantation and parabiosis experiments have established that the adrenal glands of susceptible mouse strains exhibit an inherent predisposition to sex steroidogenic tumor formation in response to persistently elevated serum gonadotropin levels (7, 9 -11, 64) . However, the molecular mechanisms underlying ad- The consistent GATA4 deficiency phenotype in germline haploinsufficient mice bearing a deletion in exon 2 and in conditional knockout mice with an acquired deletion in exons 3-5 of suggests that: 1) Gata4 is a dose-dependent modifier of postgonadectomy adrenocortical neoplasia, and 2) the Gata4 effect is not the result of a particularly engineered allele but rather a general property of loss-offunction mutations. We conclude that the hormonal changes that accompany gonadectomy cannot drive adrenocortical tumorigenesis in susceptible strains of mice without the proper dosage of Gata4.
The present results offer insights into the mechanism by which GATA4 deficiency attenuates postgonadectomy adrenocortical neoplasia. In theory, GATA4 could promote tumor initiation, sex steroidogenic differentiation, or tumor cell growth/survival. The conditional knockout model, in which recombination of the Gata4 F gene occurs after up-regulation of Amhr2-cre in nascent tumors, dissociates the effects of GATA4 on tumor initiation from its effects on the subsequent stages of tumor development (gonadal-like differentiation and neoplastic cell proliferation/survival). That features of the haploinsufficiency phenotype are conserved in the conditional knockout model suggests that GATA4 deficiency has direct effects on sex steroidogenic differentiation or tumor proliferation/survival. In preliminary experiments, we found no evidence for decreased tumor proliferation or increased tumor apoptosis in the adrenal glands of gonadectomized GATA4-deficient mice (data not shown). These findings, together with the paucity of type B cells in the germline haploinsufficiency and conditional knockout mouse models and the absence of extragonadal estrogen production in the haploinsufficiency model, lead us to surmise that GATA4 deficiency disrupts postgonadectomy tumorigenesis principally via inhibition of sex steroidogenic differentiation in the neoplastic cells.
During normal gonadal development, GATA4 promotes sex steroidogenic cell differentiation by repression of genes that maintain stem/progenitor cells in an undifferentiated state, such as genes in the Wnt/␤-catenin-signaling pathway (16, 65) and by subsequent activation of genes involved in sex steroid biosynthesis (e.g. Lhcgr, Cyp17, Cyp19) (14, 21, 66 -68) . Mice homozygous for the Gata4 ki allele, a mutation that blocks the interaction between GATA4 and its cofactor FOG2, fail to properly repress Dkk1, a secreted inhibitor of the canonical Wnt signaling pathway, leading to impaired ovarian development (16, 65) . Activation of ␤-catenin is common in human adrenocortical tumors (69) , and constitutive activation of ␤-catenin in the adrenal cortex of transgenic mice promotes adrenocortical neoplasia (70) . It is unclear whether disruption of the Wnt/␤-catenin signaling pathway accounts for the lack of adrenocortical tumor formation in gonadectomized Gata4 haploinsufficient or conditional knockout mice. In preliminary studies we did not detect significant differences in expression of Dkk1 or other components of this signaling pathway (data not shown). Identification of the GATA4 target genes essential for postgonadectomy adrenocortical neoplasia awaits further study.
Like Gata4, the Sf1 (Nr5a1, Ad4BP) gene has been shown to be a dosage-sensitive modifier of steroidogenic cell differentiation and adrenocortical tumorigenesis. Sf1 null mouse embryos exhibit aberrant adrenal and gonadal development (71) , and haploinsufficiency for this factor disrupts the organization, growth, and function of the adrenal gland (36, 55) . Transgenic expression of SF1 in fetal adrenal progenitor cells of mice leads to ectopic adrenal formation (72) , and increased Sf1 dosage in mice leads to subcapsular adrenocortical tumors that express GATA4 and other gonadal markers (73, 74) . GATA4 and SF1 have been shown to cooperate in the expression of gonadal genes (14, 75) , implying that synergistic interactions between these two transcription factors might contribute to gonadectomy-induced adrenocortical neoplasia. Arguing against a possible genetic interaction, combined haploinsufficiency of Sf1 and Gata4 does not cause abnormalities in mouse gonadal development beyond that of Sf1 haploinsufficiency alone (76) .
Linkage analysis of crosses between susceptible DBA/2J and nonsusceptible C57Bl/6 mice has shown that postgonadectomy tumorigenesis is a complex trait and that a major locus for tumorigenesis resides on chromosome 8 (11) . One of the candidate genes in the linkage region is secreted frizzled related protein 1 (Sfrp1), a tumor suppressor that inhibits Wnt/␤-catenin signaling. Although Sfrp1 is an attractive candidate gene for tumorigenesis, no causal mutations have been identified in the coding or noncoding regions of the gene in DBA/2J mice (11) . This same genome-wide scan found no evidence for linkage to Gata4 (chromosome 14) or Sf1 (chromosome 2), implying that any polymorphisms between DBA/2J and C57Bl/6 in the Gata4 and Sf1 genes are not functionally significant. Our haploinsufficiency and conditional knockout models provide a complementary candidate gene approach to genetic linkage analyses.
Our findings have implications for gonadotropin-dependent adrenocortical tumors in other species. The phenomenon of postgonadectomy adrenocortical neoplasia is not limited to mice; subcapsular sex steroidogenic tumors have been reported in the adrenal glands of gonadectomized ferrets, hamsters, cats, and goats (69, 77) . GATA4, Lhcgr, inhibin-␣, and other gonadal-like markers are hallmarks of postgonadectomy adrenocortical tumors in ferrets (7, 64, 78, 79) . The human adrenal cortex constitutively expresses low levels of Lhcgr, and this receptor has been shown to be functionally active in the adrenal during pregnancy and other high gonadotropin states (9) . Therefore, it has been proposed that adrenal responsiveness to LH, influenced by modifier genes, may contribute to adrenocortical tumorigenesis in humans (6, 9) . Although rare, adrenocortical neoplasms with histological features resembling luteinized ovarian stroma (thecal metaplasia) have been reported in postmenopausal women (80, 81) and men with acquired testicular atrophy (82) .
In addition to triggering adrenocortical tumorigenesis, ovariectomy elicits obesity in mice. Consequently, ovariectomized mice have been used to model the metabolic consequences of human menopause (53) . In the mouse, postovariectomy weight gain is strain dependent (B6D2F1 Ͼ DBA/2J Ͼ C57Bl/6) (11), and ovariectomyinduced gains in visceral adiposity can be offset by estrogen repletion (53) . Data presented here indicate that Gata4 is a genetic modifier of not only adrenocortical tumorigenesis but also postovariectomy weight gain in B6D2F1 mice. We propose that Gata4 haploinsufficiency exacerbates postovariectomy obesity in aged B6D2F1 mice by limiting adrenocortical estrogen production. Changes in adrenal glucocorticoid production can also impact obesity in mice, but studies suggest that postovariectomy adrenocortical neoplasia is not associated with alterations in the ACTH/glucocorticoid axis (7, 9, 10) .
Although structurally and functionally distinct, the major steroid-producing organs, i.e. the adrenal cortex and gonads, arise from a common pool of progenitors in the adrenogonadal primordium (7, 9, (83) (84) (85) . Despite extensive investigation, the factors that determine whether a steroidogenic cell precursor adopts an adrenocortical or gonadal phenotype are not fully understood. The phenotypic switch from production of corticoids to sex steroids makes postgonadectomy adrenocortical neoplasia an attractive model for the study of not only tumorigenesis but also steroidogenic lineage specification. Our results support the premise that GATA4 is a key regulator of a sex steroidogenic cell specification. We propose that GATA4, acting in concert with gonadotropins and other hormones, determines the functional identity of sex steroidogenic cells.
